ABSTRACT. The correct estimation of ionospheric delays is very important in precise satellite-based kinematic positioning, especially over long baselines. In the case of triple frequency system, the ionospheric delays can be estimated from the measurements. However, in the case of dual frequency system, the situation becomes more complicated. The precision of those ionosphere models supplied by the external information source such as JPL IONEX Data is not sufficient, as the high frequency component is neglected. The precision of the low frequency component is not sufficient for the use in long baseline kinematic positioning. On the other hand, the high frequency component can be estimated from the phase range measurements. If the low frequency components are estimated by using an external information source or pseudo-range measurements, more reasonable estimates of ionospheric delays may be possible. In this paper, the estimation using the pseudo-range measurements is discussed. The accuracy of the estimates for ionospheric delays is not sufficient at present because of the bias errors in the pseudo-range measurements. However, if the accuracy of the pseudo-range measurements is improved in future by GPS Modernization and GALILEO, the method would become very promising and convenient, since any external informations are needed and realtime estimation of ionospheric delays becomes possible.
INTRODUCTION
The biggest problem in high precision GNSS positioning is the determination of initial phase ambiguity of L1 wave. The factors making the ambiguity determination difficult in the case of long baseline kinematic positioning are due to the satellite errors, the ionospheric delays and the tropospheric delays. The ionospheric delays may be the biggest error source. Better positioning performance is expected when GPS Modernization and GALILEO take place in near future (Hatch, 1996 (Hatch, , 2006 Han & Rizos, 1999; Isshiki, 2003a, b) .
The present GPS is a dual frequency system. The signals consist of L1 signal of . It may be impossible to solve the above-mentioned problem completely, since no methods can directly determine in real time both the initial integer phase ambiguity and the ionospheric delay simultaneously. When GPS Modernization is realized and L5 wave of GHz 18 . 1 is added to the present dual frequency system, the two independent geometry free combination can be obtained for each satellite and receiver combination. Hence, the simultaneous determination of the initial phase ambiguity and the ionospheric delay will become possible theoretically, if the determination of the wide-lane ambiguity by HMW (Hatch-Melbourne-Wübbena) combination is also used. LW (wide-lane) ambiguity may be determined without being assisted by any external sources and without being affected by the ionospheric delay.
In the present paper, a method for the correct estimation of the ionospheric delays in case of the dual frequency system is discussed. The high frequency component of the ionospheric delays can be estimated from the phase range measurements very precisely. If the low frequency components are estimated by using the external information source such as IONEX or pseudo-range measurements, a reasonable estimate of the ionospheric delays may be possible. It has already been discussed in Isshiki (2005) that the estimation of the low frequency components by using the external information source is not sufficient but fairly effective. The estimation using the pseudo-range measurements is discussed in the present paper. Unfortunately, the accuracy is not sufficient at present because of the bias errors in the pseudo-range measurements. However, it is expected that the accuracy of the pseudo-range measurements will be significantly improved in the future and the proposed method would become very promising. (Isshiki (2003a, b, c; 2004a, b, c) 
MULTIPLE-FREQUENCY OBSERVATION EQUATIONS AND THE SOLUTION
where
is the bias term of the hardware error in pseudo-range which originates from hardware, differs by channel and receiver and can't be cancelled by differencing procedure, are observation errors of the pseudo and phase ranges, and 
where κ f and κ l are the frequency and wave length of κ L wave. Equation (3) is HMW (Hatch-Melbourne-Wübbena) combination (Hatch, 1982 (Hatch, , 1996 Melbourne, 1985; Wübbena, 1985; Isshiki, 2003b 
. So, the error introduced by the pseudo-ranges is reduced to 10 1 of the magnitude. The HMW combination is free from the ionospheric and tropospheric delays. So, the wide-lane ambiguities can be calculated precisely without being affected by the baseline length. Averaging the measurements over epochs can eliminate the random errors effectively.
The wide-lane combination 
and
is the error of 
Now,
The first term on the right side of equation (8) must be estimated from the other information included in the observation or supplied from an external source such as JPL IONEX Data (Global estimate of the ionospheric delays).
First, equation (8) is averaged over N epochs, and
If the error in the pseudo-range is small,
derived from the geometry-free combination of the pseudo-ranges becomes:
and may be used to estimate the first term on the right side of equation (9) 
The hardware bias terms j i e β α κ may neglected if they are sufficiently small, or must be estimated otherwise. Then, equations (7), (8), (9) and (11) give
In the present GPS system, 
The error of this estimation may be around m 1 . 0 (Isshiki, 2004c) , which is promising. Then, equations (7), (8), (9) and (13) 
Similar equations for estimating the ionospheric delays such as equations (12) and (14) may also be obtained as follows (Isshiki, 2006) . The geometry free combinations for pseudo and phase ranges between 1 L and 2 L waves are given as
is the wide-lane ambiguity defined by equation (3). The unknowns in equation (15) 
Then, a minimum value problem is presented as: 
From the summation of equation (17) with
, equation (12) If the following equation is used instead of equation (15a):
equation (14) is derived, when 2 ε σ is much less than 2 e σ .
By the way, the hardware errors of the pseudo-ranges cannot be overlooked in estimating the errors involved in the ionospheric delays 
Triple frequency case
In the case of a triple frequency system like GALILEO and the future GPS, two independent wide-lane combinations can be formed (Hatch, 1996 (Hatch, , 2006 Han & Rizos, 1999; Isshiki, 2003a, b) . Therefore, we have from equation (4) two independent wide-lane combinations:
If an ionospheric-free combination is obtained by eliminating the ionospheric delay j i I β α , an unambiguous observation equation (which does not include ionospheric delay) may be obtained, since the wide-lane ambiguities are determined by the HMW combinations. So, the coordinates may be determined without being affected by the ionospheric delays by solving the equations epoch by epoch (Hatch, 1996 (Hatch, , 2006 .
On the other hand, we have from equation (6) two independent geometry-free combinations;
Furthermore, we have from equation (3) 
(23a)
From theoretical viewpoint, (22) and (23) are determined by the HMW combinations (Isshiki, 2003a, b) .
The above mentioned solution seems very attractive. However, the selection of the frequencies used in the triple frequency system planned now is not suited to the purpose of determining the ionospheric delays and ambiguities, since the inter-frequency differences are not sufficient. If the difference between the frequencies is small, the error is magnified. The multi-path error will cause significant errors in the coordinates. Hatch (2006) has discussed this problem from a quite unique viewpoint. His method may become a breakthrough to the noise problem. However, it must be verified by the real data. Especially, the assumption on the magnitude of the observation errors should be checked.
NUMERICAL RESULTS IN DUAL FREQUENCY CASE

Japanese data
In the following numerical calculations, the hardware bias terms Table 1 were used. These data were observed by GEONET of GSI (Geographical Survey Institute, Japan) on Dec. 6, 2002 and downloaded from the homepage of GSI. The ionosphere was rather active in 2002. The two pseudo-range signals and the two phase signals of 1 L and 2 L waves of GPS are given there. The epoch was 30 seconds, and the data between 00:00:00 UT and 02:00:00 UT were used for the calculations. The coordinates ) , , ( z y x of the stations and the baseline length dr between the stations shown in Table 1 are very precise ones downloaded from the same site. In the following calculations, the precise orbits of the satellites were used, and the tropospheric delays were estimated by the Saastamoinen model. In Table 2 , the wide-lane ambiguities of 1 L and 2 L signals calculated by equation (3), that is, the HMW combinations are shown. It is verified that the wide-lane ambiguities could be determined quite successfully regardless of the baseline length by the HMW combinations. Much smaller number of data than the two hour data (240 epochs) are sufficient for obtaining wide-lane ambiguities by HMV combinations as can be checked easily. Table 2a . Wide-lane ambiguities calculated by the HMW combinations (Sppr-Enwa (BL=abt.25km): Dec. 6, 2002, 00:00:00UT-02:00:00).
( (05)- (14)) ( (06)- (14)) ( (25)- (14)) ( (30)- (14) Table 2b . Wide-lane ambiguities calculated by the HMW combinations (Sppr-Ichk (BL=abt.800km): Dec. 6, 2002, 00:00:00UT-02:00:00).
( (05)- (14)) ( (06)- (14)) ( (25)- (14)) ( (30)- (14) In Figure 1 , the double differenced ionospheric delays between Sapporo and Eniwa (baseline length: about 25km) estimated by phase and pseudo-ranges, that is, equation (12) Table 3 for Sapporo-Eniwa baseline and in Table 4 for Sapporo-Ichikawa baseline. As shown in Tables 3c and 4c, the differences of averages or biases 1 e and 2 e are very big for some combinations of the satellites. For example, in the case of Table 3c, the differences 2 1 e e − for ( (5)- (14)) and ( (30)- (14)) are much bigger than those for ( (6)- (14)) and ( (25)- (14)). And this corresponds to the big errors in Figures 1(a) and 1(d) as can be understood from equation (12). ( ( 5)- (14)) ( ( 6)- (14)) ( (25)- (14)) ( (30)- (14) ( ( 5)- (14)) ( ( 6)- (14)) ( (25)- (14)) ( (30)- (14) Table 3c . The averages or biases 1 e and 2 e (Sppr-Enwa: Dec. 6, 2002, 00:00:00UT-02:00:00).
( ( 5)- (14)) ( ( 6)- (14)) ( (25)- (14)) ( (30)- (14) Similar relationship holds for Sapporo-Ichikawa baseline (about 800km) as shown in Table 4 . So, the bias components in the hardware errors of the pseudo-range are responsible for the poor accuracy of the ionospheric delays as shown by equation (12). ( ( 5)- (14)) ( ( 6)- (14)) ( (25)- (14)) ( (30)- (14) ( ( 5)- (14)) ( ( 6)- (14)) ( (25)- (14)) ( (30)- (14) ( ( 5)- (14)) ( ( 6)- (14)) ( (25)- (14)) ( (30)- (14) However, they may be improved in future, when the errors in the pseudo-ranges are decreased in the future GPS receiver technology and in the future GNSS system, namely, modernized GPS and GALILEO etc.
Australian data
The data were downloaded from the homepage of ARGN (Australian Regional GNSS Network, http://www.ga.gov.au/bin/data_server/). The results are shown in Table 5 for Dec. 6, 2002 and in Table 6 for Nov. 6, 2006. As shown in Tables 5c and 6c, the differences of averages or biases 1 e and 2 e are very big for some combinations of the satellites. For example, in the case of Table 5c, the differences ( 2)- (18)) and ( ( 6)- (18)) are much bigger than those for ( (15)- (18)) and ( (17)- (18)). And this corresponds to the big errors in the estimation of the ionospheric delays. ( ( 2)- (18)) ( ( 6)- (18)) ( (15)- (18)) ( (17)- (18) ( ( 2)- (18)) ( ( 6)- (18)) ( (15)- (18)) ( (17)- (18) Table 6 ). So, the bias components in the hardware errors of the pseudo-range are responsible for the poor accuracy of the ionospheric delays as in the cases of Japanese data. ( ( 3)- (14)) ( ( 7)- (14)) ( (15)- (14)) ( (21)- (14) ( ( 3)- (14)) ( ( 7)- (14)) ( (15)- (14)) ( (21)- (14) ( ( 3)- (14)) ( ( 7)- (14)) ( (15)- (14)) ( (21)- (14) 
CONCLUSIONS
In the present paper, the DD (double difference) ionospheric delays have been estimated under the present dual frequency system by using both the pseudo and phase ranges. Unfortunately, the accuracy is rather poor because of the big errors involved in pseudo-ranges. It is clarified that the bias components in the hardware errors of the pseudo-range are responsible for the poor accuracy of the ionospheric delays. The same results are obtained both for Japanese and Australian data.
It is expected that the accuracy of the pseudo-range measurements will be significantly improved with future GPS receiver technology and future GNSS systems such as GPS Modernization and GALILEO, and the proposed method will certainly become very promising.
When the present L2 signals are reinforced and opened to commercial use as L2C, the importance of the dual frequency system using L1 and L2C would be increased much. So, if the ionosphere delays are estimated correctly by using dual-frequency-signals without being supported by the external information source, the dual-frequency-based kinematic method such as discussed in the present paper would give a precise and robust method of kinematic positioning and be very important.
If the more precise ionospheric estimation becomes available in future, the precision of the wide-lane positioning may be increased further, and the wide-lane based realtime kinematic positioning discussed in the present paper may become one of the precise and convenient kinematic positioning methods.
